In the past decades, capillary electropheresis (CE) has been considered to be a powerful method, and widely applied to analyze many of different substances, ranging from small inorganic ions to large bio-macromolecules, due to many advantages, such as high separation speed and efficiency, very low running costs and low sample volume injected (e.g., 2 -10 nl). Metal-ion analysis, 1-3 however, covers a relatively small part of CE applications compared with separations in the areas of pharmaceuticals, oligonucleotides, proteins and peptides. Considering metal-ion analysis, problems occur due to (i) the similar electrophoretic mobilities and (ii) the weak UV absorption of most metal ions.
Introduction
In the past decades, capillary electropheresis (CE) has been considered to be a powerful method, and widely applied to analyze many of different substances, ranging from small inorganic ions to large bio-macromolecules, due to many advantages, such as high separation speed and efficiency, very low running costs and low sample volume injected (e.g., 2 -10 nl). Metal-ion analysis, [1] [2] [3] however, covers a relatively small part of CE applications compared with separations in the areas of pharmaceuticals, oligonucleotides, proteins and peptides. Considering metal-ion analysis, problems occur due to (i) the similar electrophoretic mobilities and (ii) the weak UV absorption of most metal ions.
The former problem is because most transition metal ions have similar mobilities due to their similar size and identical charge. 4 To achieve an electrophoretic separation, the mobilities have to be modified by introducing a complex forming equilibrium. If different degrees of complexation result for the ions during the interaction with a ligand, their apparent electrophoretic mobilities should also be different. Various reports can be found in the literature describing organic acids as complexing agents for improving the resolution in CE separation. These include oxalic acid, lactic acid, tartaric acid and hydroxyisobutyric acid. [4] [5] [6] [7] Ethylenediaminetetraacetic acid (EDTA) has also been used for this purpose. [8] [9] [10] [11] EDTA is known to complex with metal ions in a 1:1 ratio, and the chelates are always negalively charged whatever the charge on the cations. 4, 12 As a principally electrophoretic property, metal-EDTA anionic complexes could be successfully separated due to inherent differences in the electrophoretic mobilities. However, in practice, it also suffers from poor selectivities, and is not sensitive. Until now, on-column derivatization, also called in-capillary derivatization, has been applied to determine various types of analyte by one of three different strategies: zone-passing, at-inlet and throughout capillary derivatization. 2, 8, [13] [14] [15] These studies have proven that the sensitivity could be sharply increased by using in-capillary derivatization.
For the latter problem, the weak UV-absorption of most metal ions, several preconcentration methods have been developed to overcome the sensitivity problem, such as isotachophoresis, 16, 17 dynamic pH junction, 18, 19 large volume sample stacking, 20, 21 pHmediated stacking, 22, 23 stacking with organic solvent, 24 high-salt stacking technique, 25 sweeping, 26 dynamic pH junction-sweeping, 27 and field amplified sample injection (FASI). [28] [29] [30] In addition, the sensitivity for the metal determination could be improved by using on-line preconcentration in micellar electrokinetic chromatography 45 and CE-laser induced fluorescence. 46 Increasing the optical path length by incorporating a bubble cell 31, 32 or a U-shaped cell 33, 34 is one of the means to improve the sensitivity of a UV detector. U-shaped cells, usually a bent capillary, with a few millimeters of the capillary parallel to the optical path, can provide a higher sensitivity, but a loss of resolution prevents this method from further development. 35 Vancomycin is a macrocyclic antibiotic containing in its structure 18 asymmetric centers with several functional groups (hydroxyl, amino, amide, carboxylic, aromatic, etc.) responsible for stereoselective interactions, such as hydrogen bonds as well as hydrophobic and electrostatic interactions. It has been shown that this antibiotic is a very effective chiral selector for the enantiorecognition of anion compounds, particularly for those containing a carboxylic group in their structures. 36, 37 Since the carboxylic groups are also contained in metal-EDTA anionic complexes, the separation selectivity of metal-EDTA complexes could probably be manipulated by the present of vancomycin. As mentioned above, therefore, the aims of this work are focused on: (i) enhancement of the detection sensitivity of metal-EDTA anionic complexes with the in-capillary derivatization by using U-shaped cell detector, and (ii) improvement of the separation selectivity of metal-EDTA anionic complexes by using vancomycin as the complex selector.
Due to some drawbacks of vancomycin, e.g., the strong absorption at low wavelength and adsorption on the capillary, the partial filling method (counter current mode) was used to increase the detection sensitivity and to avoid/minimize the adsorption phenomenon. 38 In the following, investigations of some important aspects of separation and in-capillary chelation in CE are described, viz., the separation of the products from the chelating agent and the chelation/stability of the chelates. The applicability of this proposed method was demonstrated by the analysis of metal ions, Pb(II), Cu(II) and Fe(III) in tap water samples.
Experimental

CE apparatus
All of the data were collected using a home-built capillary electrophoresis system. The CE system allowed the injection of the sample and the electrolyte at the cathodic end of the capillary. A UV detector (U-shaped cell) (JASCO UV-1575, Japan) was used throughout this work. A home-made voltage supply available for the separating voltage and current monitoring was used. A fused-silica capillary (Yongnian Optical Fiber Factory, Hebei, China) with a total length of 45 cm with an i.d. of 50 μm was employed. The effective length was 33 cm and the detection path length was 1.00 cm.
Reagents and solution
All of the chemicals were of analytical grade. Water for preparing the sample and buffer solution was deionized by an Easypure II purification system with a 0.2-μm fiber filter (Barnstead, USA). We prepared 0.1 mM stock solutions of metal ions, including Pb(II), Cu(II) and Fe(III) from Pb(NO3)2, CuSO4·5H2O and FeCl3·6H2O which were from Beijing Reagent (China), by dissolving them into deionized water. Vancomycin hydrochloride hydrate was obtained from Aldrich (Beijing, China). Vancomycin and EDTA solutions were prepared by dissolving them in 50 mM phosphate buffer pH 5.0. Phosphoric acid (H3PO4), sodium dihydrogen phosphate (NaH2PO4), sodium hydroxide (NaOH), sodium tetraborate (Na2B4O7), hexadecyltrimethylammonium bromide (HTAB), sodium acetate (CH3COONa), tartaric acid, hydroxyisobutyric acid (HIBA), acetic acid, imidazole, methanol (HPLC grade) and cetyltrimethylammonium bromide (CTAB) were also obtained from Beijing Reagent.
CE procedure
The capillary was rinsed with 0.1 M NaOH for 5 min, deionized water for 5 min and a buffer electrolyte for 30 min, respectively, at the beginning of each day. Before each separation, the capillary was rinsed with buffer electrolyte for 2 min. For in-capillary derivatization and the partial filling method, the procedure could be briefly described as follows: i) syringe injection of vancomycin solution filled only part the capillary and keeping the detector cell free of vancomycin solution (the syringe injection was done by means of a lab-made microsyringe pushing pump.
Vancomycin solution was hydrodynamically injected with a pushing time of 5 s, which corresponded to a percentage capillary effective length of ca. 80%); ii) hydrostatic injection, 15 cm, 10 s for EDTA solution; iii) hydrostatic injection, 15 cm, 10 s for sample solution; and iv) voltage separation. Direct UV detection was performed at a single wavelength of 242 nm. Separation voltage used was 22.0 kV. The CE experiment was performed at a room temperature of 20 ± 1˚C. The buffer electrolyte was replenished after every 5 runs. The standard and sample were filtered through membrane filters (0.45 μm). The filtrate was directly injected into the CE system.
Method validation
The linearity of the standard curve was expressed as a correlation coefficient (r 2 ) by plotting the integrated peak area against the concentration of the standard. The reproducibility was obtained for the migration time and peak area, which was indicated by percentage of relative standard deviation (RSD). The data were obtained from 5 injections of a concentration of 0.1 mM of the standard solution. The limit of detection (LOD) was determined from repeated injections of diluted solution standard metal ions, at a signal-to-noise ratio (S/N) of 3. The accuracy was described by means of the percent recovery. The recoveries were calculated based on the difference between the total amount determined in the spiked sample and the amount observed in the non-spiked samples. External standards were used in the calibration curves and the data presented at the present study were the average of triplicate injections of the sample or the standard, unless stated otherwise.
Method application
Tap water collected from Beijing Water Supply Corporation was used as the real sample for this demonstration. Tap water was filtered through a 0.45-μm membrane filter before injection into the CE system.
Results and Discussion
Separation mode and back ground electrolyte
Based on the reported references, 4, 8, 10, 39, 40 some CE systems with different terms of the separation mode and back ground electrolyte (BGE) composition were compared for the separation of metal-EDTA complexes: i) 7.5 mM salicylic acid + 0.1 mM EDTA + 0.02 mM hexadecyltrimethylammonium bromide (HTAB), pH 4.01;
4 ii) 10 mM sodium acetate (pH 4.8) + 2 mM tartaric acid + 2.0 mM tetradecyltrimethylammonium bromide (TTAB); 8 iii) 40 mM NaH2PO4-Na2B4O7 buffer, pH 7.0 + 5.0 mM EDTA + 10 mM sodium dodecylsulfate (SDS); 10 iv) 95 mM phosphate (pH 7.1) + 0.5 mM TTAB; 39 v) 10 mM sodium acetate (or phosphate) + 5 mM hydroxyisobutyric acid (HIBA) + 0.1 mM cetyltrimethylammonium bromide (CTAB); and vi) 0.5% acetic acid and 10 mM imidazole in methanol. 40 Unfortunately, even though these CE running electrolytes were well used in the reported references, they provided bad separation for free EDTA, Pb-EDTA and Cu-EDTA. This obtained result might be due to the similar electrophoretic mobilities and the long light path length of the U-shaped cell used in this work. Meanwhile, Fe-EDTA could be clearly separated from the former group. The typical electropherograms obtained from these CE systems, regardless of the pre-or incapillary complexation, were similar in fashion, as can be seen in Fig. 1 . Fe-EDTA appeared as the last peak with good resolution with respect to the other ones, because the mobility 1180 ANALYTICAL SCIENCES SEPTEMBER 2006, VOL. 22 of this product differs most from the mobility of the other metal-EDTA anions. In addition, the higher charge of the Fe(III) ion, and therefore that the resulting higher degree of hydration of the cation causes the lower value for the electrophoretic mobility of Fe(III), could also be a reasonable explanation for the mobility of Fe-EDTA. 4, 9 In order to gain the selectivity and resolution of free EDTA and metal-EDTA products, the incorporation of a second complexing reagent into the carrier electrolyte seemed to be necessary. In this work, therefore, vancomycin was studied as a complex selector to gain selectivity, and in-capillary derivatization was investigated to enhance the sensitivity of the method. Since the EDTA-complex analytes show strong absorptivity at 242 nm, this wavelength was chosen for detection throughout this work. However, because vancomycin is also a strong absorber in the UV-region, 36,37,41-43 such a wavelength is not useful. Thus, in order to avoid a decrease of sensitivity due to the absorption of vancomycin, a partial filling method, where the complex selector is partly loaded into the separating capillary, but never passes to the detection window, was utilized. 43 Our strategy for the in-capillary derivatization of metal-EDTA complexes and using vancomycin as complex selector with Ushaped cell UV-detection, could be done under the counter current mode. By using a cationic surfactant, CTAB at acid pH, the electroosmotic flow (EOF) can be minimized, or even reversed, and then allowing the metal-EDTA products to move to detect at the anodic side. The direction and mobility of EOF can be checked by injecting acetone and detected at 200 nm. Meanwhile, at the selected pH (5.0), vancomycin exhibited a positive charge (pI = 7.2), and thus it should move in the opposite direction to the analytes. 36, 37 One must ensure that the electrophoretic mobility of the vancomycin ion be higher than the bulk EOF (μvancomycin > μEOF). If the electrophoretic mobility of the vancomycin ion is lower than the bulk EOF (μvancomycin < μEOF), vancomycin will reach the detection window by EOF. Eventually, the separation or even detection could not be employed. We found that using the concentration of CTAB at 0.05 mM, contained in the BGE (the BGE used in this work was 50 mM phosphate buffer at pH 5.0), the counter current mode could be adopted throughout this work. The scheme of the incapillary derivatization and partial filling method (counter current mode) is illustrated in Fig. 2 .
Effect of the vancomycin concentration
Vancomycin has been widely used in CE as chiral selectors, the best resolution and good selectivity have been obtained by using phosphate buffer with the concentration range from 50 -150 mM. 36 The buffer pH of the BGE is another very important experimental parameter to be controlled when vancomycin is used as a complex selector in CE. Usually, it is convenient to work in the pH range 4.0 -7.0 to avoid the hydrolysis of amide bonds, macrocyclic ring opening, or the cleavage of sugar moieties. 36, 37 Therefore, in this work, to study the influence of the vancomycin concentration on the separation of metal-EDTA complexes produced by in-capillary derivatization, a 50 mM phosphate (pH 5.0) containing 0.05 mM CTAB was used as the 1181 ANALYTICAL SCIENCES SEPTEMBER 2006, VOL. 22 BGE. The concentration of EDTA at 1.0 mM was used in this step. The obtained result can be seen in Fig. 3 . The migration behavior of the metal-EDTA complexes were significantly dependent on the variation of the vancomycin concentration. The increase of the vancomycin concentration caused an increase of both the resolution and the migration time of the studied analytes (decrease of electrophoretic mobility). The comigrations of free-EDTA, Pb-EDTA and Cu-EDTA were observed when 0.01 -1.0 mM vancomycin was performed in the counter-current mode. Fortunately, very good separation with excellent resolutions were observed when the concentrations of vancomycin, ranging over 3.0 -10.0 mM, were studied. These results could represent the high selectivity of vancomycin to the metal-EDTA anionic complexes. Therefore, 3.0 mM vancomycin was selected and used in the further steps, because of the short analysis time and acceptable resolution. The explanation of these results is that the tridimensional structure of the molecule and the different space arrangements of the functional groups are responsible for the different selective capacity of the microcyclic antibiotic. The aglycon portion, which is of three fused macrocyclic rings for vancomycin, can exhibit different morphological characteristics, such as the openness of the aglycon basket, the degree of helical twist and also the characteristic of the host-guest complexation taking place between the analytes and vancomycin. 36 In addition, Nair and Izzo elucidated vancomycin's enantioselective binding site by studying the X-ray crystal structure. They concluded that the secondary amine plays a key role in the enantioresolution capacity of vancomycin in aqueous solutions. 44 As noted previously, therefore, the primary interaction between the vancomycin complex selector and metal-EDTA anionic complexes seems to involve the host-guest interaction and/or a charge-charge interaction or electrostatic interaction.
In-capillary derivatization EDTA forms stable complexes with the investigated metal ions, due to the high stability constant caused by the chelating effect. Although the concentration of free EDTA 4-is very low under separation conditions, the dissociation equilibrium of EDTA is shifted to EDTA 4-, caused by complex formation with the metal ions. Therefore, Pb(II) and Cu(II) ions form [metal-EDTA] 2-complexes and Fe(III) ion forms [metal-EDTA] -1 to the great extents. 9 Hence, the separation should be carried out with reversed polarity. In this work, CTAB was used to reverse the direction of EOF. This allowed the slow-moving metal-EDTA species of the di-or trivalent cations to also reach the detector in a short time. Figure 4 shows the results of investigations of the chelating process of the reaction between vancomycin, EDTA and metal ions. The metal ion was studied separately. The EDTA concentration was changed in the range between 0.05 mM and 5 mM, whereas the concentration of metal ion was constant at 0.1 mM. As can be seen in Fig. 4 , the peak areas of the Pb-EDTA and Fe-EDTA were constant for the EDTA concentration added between 0.5 and 5 mM. At lower EDTA concentration, there was not enough chelating agent present and the peak area of Pb-EDTA, and Fe-EDTA decreased. Therefore, this meant that an equimolar reaction between Pb (or Fe) and EDTA did not take place. Since vancomycin is very effective for the recognition of anion compounds, particularly for those containing a carboxylic group in their structures. The lack of EDTA in the in-capillary derivatization system could occur due to the influence of vancomycin. On the other hand, the peak areas of Cu-EDTA showed different results. The peak areas of Cu-EDTA seemed to be constant throughout the EDTA variation. These results indicated that the chelation of each metal ion with EDTA in the in-capillary derivatization system including vancomycin did not take place with the equimolar reaction (1:1 mole ratio). According to the results obtained by this part of work, 0.5 -1.0 mM EDTA could be useful for carrying out the experiments. However, to ensure a sufficient amount of EDTA, 1.0 mM EDTA was chosen to be the optimal concentration for studying the simultaneous determination of Pb(II), Cu(II) and Fe(III) ions.
In addition, the sensitivity could be improved by using incapillary derivatization. This is due to the staking process taking place in the CE system. 13 In detail, under the selected conditions, EDTA was negatively charged, and thus its migration direction was opposite to the positively charged metal ions; the two zones would mix together, and the complexing reaction occurred. Furthermore, EDTA was prepared in the buffer solution and the metal ions were dissolved in water. The conductivity of the water solution was lower than that of the buffer. When the voltage was applied, the lower conductivity of the water resulted in a higher electric field. The metal ions in water would move faster than those in buffer. As metal ion reached the boundary of EDTA zone and sample zone, they slowed down and became staked into a narrow zone. Concentration enhancement and complexation were achieved simultaneously.
Thus, 3.0 mM vancomycin and 1.0 mM EDTA were selected and used throughout this work.
In addition, the BGE comprising of 50 mM phosphate buffer at pH 5.0 containing 0.05 mM CTAB was found to be the optimum electrolyte (i) because it offered metal, EDTA, metal-EDTA product and vancomycin with the necessary charge; (ii) because of the stability of the vancomycin and analytes; and (iii) because it allowed the separation of metal-EDTA analytes with good resolution, high selectivity and in the short analysis time. The typical electropherogram obtained from the separation of a standard mixture of 0.1 mM Pb(II), Cu(II), and Fe(III) under the optimum conditions is shown in Fig. 5 .
Method validation
The characteristics of the present work are given in Table 1 . Very good linearity ranges with an excellent correlation coefficient (r 2 > 0.99) for all analytes were obtained. The acceptable reproducibilities calculated from peak area and migration time were presented. The tailing peak and base line shift of Fe(III) detection could reflect the high value of RSD calculated from the peak area. Fortunately, excellent resolution 1182 ANALYTICAL SCIENCES SEPTEMBER 2006, VOL. 22 Fig. 4 Effect of the EDTA concentration on the stability of metal-EDTA products moving through the capillary and detected at the detector. The CE conditions are the same as in Fig. 2 , and 3 mM vancomycin was used.
between the Fe(III) peak with its adjacent peaks warranted continuing the experiment. Baseline drifts at 0 to 4.5 min and 5 to 9 min (in Figs. 5 and 6) were normally obtained for all injections. Beside the effect of free EDTA remaining in the CE system and incomplete complexation, in order to explain these phenomena, more deep studies should be taken into account. The obtained limits of detection were very sensitive; these impressive results might be due to the high potential and benefits of in-capillary derivatization, U-shaped cell and fieldamplified sample stacking. The high sensitivity and reliability of this proposed method allowed the applicability of the method to the simultaneous determinations of Pb(II), Cu(II) and Fe(III) in real samples.
Application
The optimum CE condition has been utilized for the simultaneous determination of Pb(II), Cu(II) and Fe(III) in tap water. Non-spiked tap water and spiked samples were considered. The obtained results are given in Table 2 and Fig. 6 . Pb(II), Cu(II) and Fe(III) were found to be 2.41 × 10 -8 , 3.90 × 10 -7 and 1.25 × 10 -6 M, respectively. The concentrations of these analytes did not exceed the maximum allowed concentrations, which were regulated by the U.S. Environmental Protection Agency. The average recoveries for analytes were in the range of 98 -105%. These results were convincing that the CE conditions proposed by this study were valid and reliable.
Conclusions
For the capillary electrophoresis of U-shaped cell, in-capillary derivatization using EDTA as the complexing agent and the partial filling method (counter current mode) employing vancomycin as the complex selector has been proven to be a sensitive and selective technique for the determination of metal ions in an aqueous sample. This method was very effective, because vancomycin was moved in different directions to the analyte and detector; therefore, the analyte could be detected with highest sensitivity and without interference from vancomycin absorption. In addition, the complexation reaction occurred inside the capillary by mixing the zones of the ligand and the sample during electrophoretic migration; then, the low detection limits were obtained because of the U-shaped cell and field-amplified sample stacking. This method was reliable, simple, rapid and cheap, since the method permits the use of a home-built capillary electrophoresis system; also a very low volume/concentration of vancomycin was needed for each CE run. 
